Neutral sphingomyelinase 2 (nSMase2, product of the SMPD3 gene) is a key enzyme for ceramide generation that is involved in regulating cellular stress responses and exosome-mediated intercellular communication. nSMase2 is activated by diverse stimuli, including the anionic phospholipid phosphatidylserine. Phosphatidylserine binds to an integral-membrane N-terminal domain (NTD); however, how the NTD activates the C-terminal catalytic domain is unclear. Here, we identify the complete catalytic domain of nSMase2, which was misannotated because of a large insertion. We find the soluble catalytic domain interacts directly with the membrane-associated NTD, which serves as both a membrane anchor and an allosteric activator. The juxtamembrane region, which links the NTD and the catalytic domain, is necessary and sufficient for activation. Furthermore, we provide a mechanistic basis for this phenomenon using the crystal structure of the human nSMase2 catalytic domain determined at 1.85-Å resolution. The structure reveals a DNase-I-type fold with a hydrophobic track leading to the active site that is blocked by an evolutionarily conserved motif which we term the "DK switch." Structural analysis of nSMase2 and the extended N-SMase family shows that the DK switch can adopt different conformations to reposition a universally conserved Asp (D) residue involved in catalysis. Mutation of this Asp residue in nSMase2 disrupts catalysis, allosteric activation, stimulation by phosphatidylserine, and pharmacological inhibition by the lipid-competitive inhibitor GW4869. Taken together, these results demonstrate that the DK switch regulates ceramide generation by nSMase2 and is governed by an allosteric interdomain interaction at the membrane interface.
Neutral sphingomyelinase 2 (nSMase2, product of the SMPD3 gene) is a key enzyme for ceramide generation that is involved in regulating cellular stress responses and exosome-mediated intercellular communication. nSMase2 is activated by diverse stimuli, including the anionic phospholipid phosphatidylserine. Phosphatidylserine binds to an integral-membrane N-terminal domain (NTD); however, how the NTD activates the C-terminal catalytic domain is unclear.
Here, we identify the complete catalytic domain of nSMase2, which was misannotated because of a large insertion. We find the soluble catalytic domain interacts directly with the membrane-associated NTD, which serves as both a membrane anchor and an allosteric activator. The juxtamembrane region, which links the NTD and the catalytic domain, is necessary and sufficient for activation. Furthermore, we provide a mechanistic basis for this phenomenon using the crystal structure of the human nSMase2 catalytic domain determined at 1.85-Å resolution. The structure reveals a DNase-I-type fold with a hydrophobic track leading to the active site that is blocked by an evolutionarily conserved motif which we term the "DK switch." Structural analysis of nSMase2 and the extended N-SMase family shows that the DK switch can adopt different conformations to reposition a universally conserved Asp (D) residue involved in catalysis. Mutation of this Asp residue in nSMase2 disrupts catalysis, allosteric activation, stimulation by phosphatidylserine, and pharmacological inhibition by the lipid-competitive inhibitor GW4869. Taken together, these results demonstrate that the DK switch regulates ceramide generation by nSMase2 and is governed by an allosteric interdomain interaction at the membrane interface.
sphingomyelinase | ceramide | enzyme | lipid | crystallography C eramide is a bioactive lipid that regulates multiple cellular responses such as growth arrest, senescence, and apoptosis (1, 2) . Rapid generation of ceramide in response to extracellular stimuli is mediated by the activation of sphingomyelinases (SMases), which hydrolyze sphingomyelin (SM), a major component of cell membranes, into ceramide and phosphocholine (3, 4) . Three families of SMases (acid, neutral, and alkaline) have been identified that are classified by their pH optima, subcellular localization, protein fold, and function (5) (6) (7) (8) . Neutral sphingomyelinase 2 (nSMase2, product of the SMPD3 gene) is the major neutral sphingomyelinase (N-SMase) in mammalian cells for the stressinduced generation of ceramide (4) . TNF-α (9-15), cell confluence (16, 17) , oxidative stress (18) (19) (20) , and inflammation (20, 21) are all potent activators of nSMase2.
nSMase2 is a membrane-associated enzyme located in the inner leaflet of the plasma membrane (PM) that has been implicated in several cellular and physiological processes including apoptosis (22) , cell-cycle and growth arrest (23, 24) , inflammation and immune responses (21, 25, 26) , and bone homeostasis (27) (28) (29) . Notably, nSMase2 also has been identified as a critical regulator of exosomes (30, 31) , which package and transfer pathogenic factors that include metastasis-promoting microRNAs (32, 33) , tau protein (34) , and amyloid-β (35) . This activity has established nSMase2 as a therapeutic target for cancer and Alzheimer's disease.
NSMase2 contains a hydrophobic N-terminal domain (NTD) and a C-terminal catalytic domain (CAT). The NTD is an integralmembrane domain that contains two hydrophobic segments, which are predicted to be helical but do not span the membrane (36) . The NTD is a lipid-binding domain that binds phosphatidylserine (PS), which stimulates and is required for full nSMase2 activity (23, 24, 37) . Lipid-dependent activation is necessary for nSMase2 function and distinguishes nSMase2 from other SMases (23, 38) . However, how PS binding by the NTD activates the CAT of nSMase2 is unclear. The CAT is predicted to belong to the DNase I superfamily of enzymes (39) , and the crystal structures of several bacterial homologs have been reported (40) (41) (42) . However, all bacterial SMases derive from human pathogens, share limited sequence homology with nSMase2 (<10%), and contain a soluble unregulated CAT; these considerations have limited our understanding of nSMase2 regulation.
Here, we present extensive structural and biochemical data indicating that the membrane-associated NTD directly binds and activates the soluble nSMase2 CAT. Activation is mediated by a universally conserved motif, which we term the "DK switch." We identify a function for the DK switch in catalysis and demonstrate a role for it in PS activation. These findings are supported
Significance
Ceramide is a bioactive lipid involved in numerous cellular functions and disease states that are critically dependent on its site of generation. nSMase2 generates ceramide at the inner leaflet of the plasma membrane and is a therapeutic target for cancer and neurological disorders. Although much is known about the cellular functions of nSMase2, there is limited insight into the molecular mechanisms regulating its activity. Here we present the crystal structure of nSMase2 and identify the lipid-binding N-terminal domain as an allosteric activation domain. Key to activation is a catalytic motif termed the "DK switch," whose conformation is allosterically gated. This study reveals one mechanism for nSMase2 regulation by lipids and will help guide structure-based development of nSMase2-targeted therapeutics.
by the crystal structure of the human nSMase2 CAT at 1.85-Å resolution that reveals the structural features distinguishing nSMase2 from its unregulated bacterial counterparts and will aid in the development of nSMase2 as a therapeutic target.
Results
Identification of the CAT. Sequence analysis found that the annotated CAT of nSMase2 (residues 341-655) lacked a strictly conserved active-site Asn residue. This conserved Asn residue is part of the first β-strand of the DNase I-type protein fold and is involved in metal coordination (Fig. 1A) (41) . To identify this critical residue, we used a combination of secondary structure predictions and sequence alignments with bacterial and eukaryotic nSMases to search for any Asn residues present in predicted β-strands upstream of the annotated CAT. We identified Asn130 as the putative missing residue in human nSMase2, because it was present in the first and only predicted β-strand (residues 123-133) upstream of the annotated CAT (Fig. 1B and Fig. S1 ). Consistently, the point mutant N130A eliminated all nSMase2 activity (Fig. 1C) . This finding suggested that the complete CAT of nSMase2 encompassed residues 119-655 and contained a large insertion that previously was referred to as a "collagen-like linker" (Fig. 1D) (23) .
A Large CAT Insertion Is a Regulatory Region That Is Not Required for Full Enzyme Activity. The majority of known regulatory elements in nSMase2 are found within the insertion. These include phosphoserine sites that affect protein stability (43), a docking site for the phosphatase calcineurin (44) , and point mutations linked with leukemia ( Fig. 1D) (45) . Large CAT insertions in the phospholipase C isozymes play critical roles in regulating activity (46, 47) . We therefore sought to define the boundaries of the insertion and to assess its role in nSMase2 regulation.
Sequence alignment of nSMase2 with distantly related bacterial SMases suggested that the insertion spanned residues 155-347 (Fig. S1 ). Deletion of this region (Δ155-347) eliminated all nSMase2 activity (Fig. 1E) . We therefore shortened the deletion boundaries and thereby restored some activity. Ultimately, we deleted an internal stretch of 165 amino acids within the CAT (Δ175-339) (Fig. 1F ) that slightly increased nSMase2 activity when expressed in Saccharomycetes cerevisiae cells (Fig. 1E) and did not significantly affect activity when expressed in MCF7 cells (Fig. 1G) . We refer to this fully active construct (Δ175-339) as "nSMase2-ΔIns" or "ΔIns."
Given its negligible effects on enzyme activity, we examined the role of the insertion in cellular localization, because translocation to the PM is critical for nSMase2 signaling (48) . As previously reported (37) , WT nSMase2 localized to the inner leaflet of the PM in confluent MCF7 cells (Fig. 1H) . Deletion of the insertion altered nSMase2 trafficking to induce colocalization with the endoplasmic reticulum and the nuclear envelope marker calreticulin (Fig. 1H ). nSMase2-ΔIns also colocalized with the PM, but with a more diffuse pattern (Fig. 1H ). Taken together, these results showed that although the insertion regulates the cellular function of nSMase2 at multiple levels, it is dispensable for enzyme activity. Characterization of the CAT. Having identified the CAT (Fig. 1F) , we set out to characterize it. Transfection of the nSMase2 CAT in MCF7 cells generated a cytoplasmic protein that no longer colocalized with cell membranes (Fig. 1H ). This result suggested the CAT is soluble and that the hydrophobic NTD is the main determinant of nSMase2 membrane association. The activity of the CAT was first assessed in cell lysates of transfected MCF7 cells, but its activity was not significantly above the background activity of cells transfected with empty vector (Fig. 1G ). Because the activity of the CAT was too low to facilitate biochemical characterization from cell lysates, we purified the recombinant CAT from Escherichia coli and assessed activity against the soluble substrate para-nitrophenylphosphocholine (pNPPC), which shares the phosphocholine headgroup with SM. The CAT hydrolyzed pNPPC with a neutral pH optimum ( Fig. 1I ) and Mg 2+ dependence (Fig. 1J) , two hallmark biochemical properties of nSMase2 (23) . The purified CAT and CAT-ΔIns had comparable activities toward pNPPC (Fig. 1K) , confirming that the insertion does not affect enzymatic function.
Structure Determination. Structures of bacterial SMases have been determined (41) . However, bacterial SMases are unregulated exotoxins from human pathogens that share limited sequence homology (∼10%) with nSMase2 and thus have provided little insight into the mechanisms that regulate nSMase2 function. All attempts to obtain diffraction-quality crystals of the nSMase2 CAT that retained the insertion were unsuccessful. However, using the aforementioned insight into the newly identified domain architecture of nSMase2, crystals of human CAT-ΔIns were obtained. The structure was determined using single-wavelength anomalous dispersion from a 2.9-Å dataset of selenomethione (SeMet)-derivatized protein. The final structure was refined to 1.85-Å resolution with an R factor of 16.25 and an R free of 19.60 (Table 1) .
Overall Structure and Active Site. The nSMase2 CAT adopts a DNase-I-type fold with a β-sandwich core and connecting loops and secondary structure elements forming the active site pocket ( Fig. 2 A and B). As predicted, Asn130 is located in the first β-strand and helps coordinate a Ca 2+ ion bound within the active site (Fig. 2C ). This Ca 2+ ion most likely derives from exogenous Ca 2+ in the crystallization conditions and occupies the position of the primary Mg 2+ ion that is required for the Mg 2+ -dependent activity of nSMase2 (23) . Although the majority of the insertion was deleted to facilitate crystallization, the remaining portion formed two β-strands on the periphery of the CAT, as is consistent with their being required for stability and activity (Fig. 2B) . One of these strands contains the binding motif for the calmodulin-activated phosphatase calcineurin (44) , which is in close proximity to a predicted IQ calmodulin-binding motif in an adjacent helix.
The β-sandwich core of nSMase2 contains all the residues predicted to be involved in Mg 2+ binding and catalysis. The select few residues that are absolutely conserved in the N-SMase superfamily ( Fig. S1 ) all cluster within the active site of nSMase2 (Fig. 2D ). The composition of these active-site residues aligns with and matches the hydrophobic and polar regions of SM (Fig. 2C ). This conservation suggests these are the most critical residues for SM recognition and catalysis and suggests that eukaryotic and bacterial N-SMases use a similar mechanism both to bind and to hydrolyze SM.
This mechanism is magnesium dependent with one or two Mg 2+ ions bound within the active site by the conserved set of His, Asp, Glu, and Asn residues (41) (Fig. 2D) . The phosphodiester bond of SM is predicted to bind to and be stabilized by Mg (41), the member of the DNase I superfamily most closely related to human nSMase2, identified extensive structural differences that likely reflect their divergent functions and regulation (Fig. 2B) . Notably, nSMase2 lacks the hydrophobic β-hairpin that soluble bacterial SMases use to interact with the outer leaflet of the PM (Fig. 2B) (41) . This difference clearly establishes the β-hairpin as a selective feature that bacterial SMases have evolved to function as soluble secreted exotoxins that induce hemolysis (49) .
In addition, the shape of the active site pocket is completely restructured in human nSMase2 because of the unique primary sequence, length, secondary structure, and spatial positioning of the α-helices and loops that form the active site pocket (Fig. 2B and Fig. S2 ). This restructuring creates a bowl-like cavity in nSMase2 that is in sharp contrast to the lipid-like contoured active site of bacterial SMase (Fig. 2B) .
Membrane Orientation. To understand how SM would be extracted into the active site of nSMase2, we first sought to orient the CAT to the membrane interface. We took advantage of two adjacent Cys residues within the nSMase2 CAT that can be palmitoylated (50) and therefore must be in close proximity to the membrane (Fig. 2B) . As a secondary guide, we used the β-hairpin of bacterial SMase that is known to interact with the membrane and is located on the opposite side of the CAT relative to the palmitoylation loop (Fig. 2B) (41) . By aligning these two regions to the same 2D plane, we identified a hydrophobic groove at the membrane interface as the likely entryway for SM into the active site of both nSMase2 and bacterial SMase (Fig. 2B) .
A Hydrophobic Groove for SM Binding Is Blocked in nSMase2. Next, we assessed whether SM could be accommodated within the different active sites of human nSMase2 and bacterial SMase. SM was easily placed manually in the lipid-contoured active site of bacterial SMase with the phospho moiety near the catalytic Mg 2+ ion (Fig. 3A) . The aliphatic chains of SM were not fully enclosed within the CAT, suggesting that SM is only partially extracted from the membrane by N-SMases during hydrolysis. Superposition of nSMase2 on the SM-bound bacterial structure identified significant clashes between nSMase2 and SM that all localized to the entrance of the hydrophobic groove (Fig. 3B) . This observation suggests that conformational changes are required for nSMase2 to bind SM. A key factor in obstructing the hydrophobic groove is the element that we refer to as the DK switch and that previously was called the "P-loop-like domain" in the nSMase2 homolog of S. cerevisiae, Isc1p (51). We have renamed this element the DK switch because (i) it contains two key residues: an Asp (D) and Lys (K) that are absolutely conserved among N-SMases (Fig. 3C) but not in other DNase I type enzymes, and (ii) it folds into different conformations in nSMase2 and bacterial SMase (Fig. 3 D and E) , indicating that this highly conserved element may "switch" conformations.
In nSMase2, the DK switch folds into an extended loop that juts into and obstructs the entrance to the hydrophobic groove (Fig.  3D) . In this conformation, the conserved Asp residue (D430) is directed away from the active site (Fig. 3D) . In the available structures of bacterial SMases, the DK switch adopts several different conformations in which it (i) forms different loop conformations that direct the Asp residue away from the active site in a similar manner to nSMase2 (Fig. 3D) , (ii) forms a short α-helix that directs the conserved Asp residue into the active site to form a salt bridge with the conserved Lys residue (Fig. 3E) , or (iii) is disordered with no observable electron density. Switching between these loop and helical conformations would reposition the universally conserved Asp residue from outside to inside the active site center while the position of the Lys residue remains constant. It is noteworthy that the DK switch in nSMase2 is involved in an extensive crystal contact in which the DK switch packs into the active site of another molecule; this packing most likely affects its conformation. In comparison, the DK switch in the different bacterial structures is sometimes involved in a crystal contact. However, the relevance for protein structure in these cases is unclear, because crystal contracts are found in both the loop and helical conformations. Taken together, these findings suggested that the DK switch is a flexible motif and that conformational changes in the DK switch may affect the SMase activity of nSMase2.
The DK Switch Is Involved in Catalysis. Despite a previous study indicating that the conserved Asp and Lys residues of the DK switch were both essential for the activity of the nSMase2 homolog of S. cerevisiae Isc1p (51), the functional role of the DK switch in SM hydrolysis was unclear. We therefore generated the DK switch mutants D430A and K435A in full-length nSMase2 to assess their function. Similar to Isc1p, the K435A mutation completely eliminated nSMase2 activity (Fig. 3F) . However, unlike Isc1p, the D430A mutant in full-length nSMase2 retained ∼1% activity (Fig.  3F) , allowing us to probe the functional role of D430 in SM hydrolysis. The D430A point mutant dramatically reduced the V max by 100-fold in Triton X-100 mixed micelles (Fig. 3G) . The K m of the D430A point mutant was also increased by approximately threefold, suggesting that D430 may be involved in SM recognition; however, this modest effect on K m could result from other causes such as loss of interaction between D430 and K435. Together, these results imply that the active state of the DK switch is the helical conformation that is observed in all the bacterial SMase structures of B. cereus, Listeria ivanovii, and Staphylococcus aureus. As in this conformation, the Asp side chain is directed into the active site where it forms a salt bridge with the conserved Lys side chain and could participate in the catalysis (Fig. 3E) .
The Membrane-Associated NTD Stimulates SM Hydrolysis. Before probing the mechanistic role of the DK switch, we first sought to delineate the activation mechanism of nSMase2. Based on our results, we hypothesized that the NTD plays a critical role in nSMase2 activation and that by deleting the NTD we trapped nSMase2-CAT in a low-activity state. We reasoned further that there would be a communication between the NTD and the CAT to impart this activation. Thus, we investigated whether coexpression of the NTD with the nSMase2 CAT would be sufficient to increase activity. Indeed, coexpression with the NTD stimulated the activity of the nSMase2 CAT (Fig. 4A) . Furthermore, we speculated that the NTD, which contains two binding sites for PS (37) , would mediate PS activation. Consistently, PS increased the activity of nSMase2 CAT when coexpressed with the NTD but not the activity of nSMase2 CAT alone (Fig. 4A) .
This result suggested that the NTD functioned as an allosteric activator. However, we wanted to rule out the possibility that the NTD simply recruited nSMase2 CAT to the membrane and that this recruitment was sufficient for activation. To delineate these mechanisms, we assessed whether tethering nSMase2 CAT to the membrane with another transmembrane domain would stimulate activity. Membrane tethering of nSMase2 CAT was insufficient to increase activity (Fig. 4B) . To ensure that this absence of effect was not caused by a linker of insufficient length, we included the entire region connecting the CAT and second hydrophobic region of the NTD. This extended linker was also insufficient to stimulate activity (Fig. 4B) . Overall, these results suggest that the NTD serves as both a membrane-anchor and an allosteric activator of the CAT.
The NTD and the CAT Interact Directly. Allosteric activation implies a direct interaction between the NTD and the CAT. To assess this interdomain interaction, we conducted coimmunoprecipitation experiments with the individual domains. We found that immunoprecipitation of the NTD pulled down the CAT, and vice versa, that immunoprecipitation of the CAT pulled down the NTD (Fig. 4C) .
To confirm this interaction, we also applied a split-ubiquitin membrane yeast two-hybrid system (52) with the individual domains as bait and prey (Fig. 4D ). An interaction between the NTD and the CAT would induce recombination of the split ubiquitins (the N-terminal half, Nub, and the C-terminal half, Cub) and recognition by ubiquitin proteases. This recognition would release a transcription factor to induce genes for growth on selective plates and β-galactosidase for quantitation (Fig. 4D) . Using this system, we found that the NTD and the CAT of nSMase2 interacted directly, as assessed by growth on selective plates (Fig. 4E) . Deletion of the insertion further promoted growth on selective plates (Fig. 4F) . We attributed this further growth to reduced steric factors, given that nSMase2 and nSMase2-ΔIns had similar enzymatic activities.
To compare the relative strength of these interactions, we used β-galactosidase induction as a quantitative readout. The quantitated strength of the interaction between the NTD and the CAT was weaker than either a positive protein-protein interaction (p53-largeT) or an interaction with a self-activating prey (NubI) (Fig. 4G) , suggesting that the interaction may be transient and might be potentiated by factors that activate nSMase2, such as the lipid activator PS.
The Juxtamembrane Region Is an Allosteric Activation Domain That
Stimulates SM Hydrolysis and Increases the Affinity for SM. To determine which regions of the NTD were necessary for interdomain interactions, we generated a series of deletion constructs and found that deletion of the juxtamembrane (JX) region eliminated the interaction (Fig. 5 A and B) . This finding suggested that the JX region, which does not contain any predicted secondary structural elements, interacts directly with the nSMase2 CAT.
Next, we assessed the role of the JX region on SMase activity. The JX region was appended to the CAT (hereafter referred to as the "JX-CAT") and then was purified from E. coli. The purified JX-CAT had a 25-fold increase in enzyme efficiency (k cat /K m ) in comparison with the nSMase-CAT (Fig. 5C ). This increase was attributable to both an increase in the turnover rate (k cat ) and, interestingly, an increased affinity for SM (a decreased K m ). Although the JX region increased activity, the overall turnover rates of SM were slow for both the JX-CAT and the CAT. Notably, activation by the JX region was specific for the endogenous substrate SM, because the JX-CAT and the CAT had comparable activity against pNPPC (Fig. 5E ).
The DK Switch Is Necessary for Activation by the JX Region. Given the increase in SM affinity with the presence of the JX region and our finding that the point mutant D430A slightly increased the K m toward SM, we speculated that the JX region activated nSMase2 by modulating the DK switch. Thus, we generated the point mutant D430A in the nSMase2 CAT and JX-CAT and determined the effects on both SM and pNPPC hydrolysis. Consistent with a role in SM recognition, the D430A point mutant had no effect on pNPPC hydrolysis in both the CAT and JX-CAT (Fig. 5E) . Strikingly, the D430A point mutant reduced the SMase activity of the JX-CAT back to the same level as in the CAT but notably did not affect the activity of the CAT toward SM (Fig. 5D) . Taken together, these differential effects suggest that the JX region stimulates nSMase2 activity by promoting an active state of the DK switch.
PS Activation and the DK Switch. To probe the mechanism of nSMase2 further, we assessed whether the JX region and DK switch were necessary and sufficient for PS activation of nSMase2. Interestingly, PS stimulated the activity of the JX-CAT in a concentrationdependent manner but had no effect on the activity of the CAT (Fig. 6A) . As a result, the SMase activity of the JX-CAT was increased approximately 100-fold over that of the CAT. PS did not stimulate the activity of JX-CAT D430A (Fig. 6B) , thus providing an additional link between the gain of functions induced by the JX region and the DK switch. pNPPC hydrolysis by the CAT or JX-CAT was not stimulated by PS (Fig. 5E ). Taken together, these findings identified the DK switch as a major element contributing to PS activation of nSMase2.
GW4869 Inhibition and the DK Switch. GW4869 is a noncompetitive (for the substrate SM) pharmacological inhibitor of nSMase2 that is competitive with PS binding to nSMase2 (22) . We used GW4869 as an additional probe to assess the role of the JX region and the DK switch in nSMase2 activation. Consistent with the effects of PS activation, the CAT was not inhibited by GW4869, but the JX-CAT was inhibited by GW4869 with an IC 50 of ∼30 μM (Fig. 6C) . Again, the D430A point mutant eliminated the inhibition of the JX-CAT by GW4869 (Fig. 6C) . These inhibitory effects were specific for SM, because GW4869 did not inhibit pNPPC hydrolysis for either the CAT or JX-CAT at concentrations up to 100 μM (Fig. 5E) .
Next we tested the effects of GW4869 inhibition on full-length nSMase2. Consistent with our original report (22) , GW4869 inhibited full-length nSMase2 with an IC 50 of ∼1 μM (Fig. 6D) . Interestingly, the residual activity of full-length D430A was no longer inhibited by GW4869 (Fig. 6D) . These results are consistent with the original identification of GW4869 as a PS-competitive inhibitor of nSMase2.
Discussion
Almost 15 y ago, nSMase2 was cloned and identified as the PSactivated, Mg 2+ -dependent N-SMase (23, 24) . Since then nSMase2 has been established as a key regulator of exosome secretion and cell-stress responses and has been implicated in cancer (32, 33 ), Alzheimer's disease (34, 35) , and cardiovascular disease (53) . Based on our biochemical and structural experiments, we now are able to propose a model for the activation of nSMase2.
Our data suggest that nSMase2 is regulated by an interdomain interaction at the membrane interface between the membraneassociated NTD and the soluble CAT. This interaction modulates the DK switch to promote SM hydrolysis (Fig. 7) . The DK switch may play multiple roles, because our crystal structure suggests that it prevents SM binding by occluding the active site entrance, but our biochemical results reveal that its role in catalysis is dependent on allosteric activation by the JX region of the NTD. Together, these findings have identified the lipid-binding NTD as an allosteric activation domain that both serves as a membrane anchor and actively participates in catalysis by interacting directly with and stimulating the activity of the CAT.
The membrane topology of this integral membrane domain suggests that a large portion of the NTD is exposed to solvent and could make extensive contacts with the CAT at multiple sites (36) . The JX, which comprises only one of these regions, is sufficient to induce several gains of function, including increased SMase activity, activation by PS, and inhibition by the lipid-competitive inhibitor GW4869. All these gains of function that are induced by the JX region are dependent on the DK switch and are substrate specific, suggesting that at least one major component of PS activation is to promote the helical state of the DK switch, where the The DK switch D430A point mutant eliminates the stimulatory effect of the JX region on basal SMase activity and has no effect on the activity of CAT. (E) Normalized activity of the nSMase2 CAT and the JX-CAT toward pNPPC, a soluble substrate that shares the phosphocholine headgroup of SM. PS at 20 mol% in Triton-X 100 mixed micelles and GW4869 (100 μM) had no effect on CAT and JX-CAT activity toward pNPPC. Data represent mean ± SD from three independent experiments.
Asp and Lys residues form a salt bridge in the active site and can participate in SM catalysis. Notably, the DK switch is the only region of bacterial SMases that displays any conformational flexibility. Although the underlying reason for this conformational flexibility in the unregulated bacterial SMases is unknown, we speculate that its conformation may change upon SM binding or product release. However, in the nSMase2 CAT the D430A point mutant of the DK switch did not affect activity. This finding argues against an induced fit model for nSMase2 and suggests that the JX region allosterically regulates this universally conserved element.
Whether the NTD-and PS-binding induce more global conformational changes is a major remaining question and will require additional structural studies of full-length nSMase2. This question is important because the JX region harbors one previously identified PS-binding site, and the NTD harbors an additional PS-binding site (37) . In addition, the SM turnover rate by JX-CAT was slow, possibly because of the loss of membrane association, suggesting that additional factors may contribute to nSMase2 activation. These studies of full-length nSMase2 will be aided by the ΔIns construct, which retains full enzyme activity but is more amenable to structural characterization.
To date, the majority of characterized lipid-dependent enzymes are either soluble targets that are activated by recruitment to the membrane or integral membrane enzymes whose activity and stability are dependent on specific lipids. NSMase2 is unique in that it contains both soluble and integral membrane domains. We speculate that regulation by interdomain interactions and PS provides a distinct advantage for the localized production of ceramide, whose signaling functions are critically dependent on the site of generation. The recent finding that PS colocalizes with detergent-resistant sphingolipid membrane microdomains (54) in the PM suggests that localized activation of nSMase2 may be a critical factor in regulating the formation and secretion of exosomes (30) as well as in cellular responses to chemotherapy (55) .
Our crystal structure of the nSMase2 CAT revealed several differences with the structures of bacterial SMases. Strikingly, the differing contours of the active-site pockets suggest that nSMase2 may undergo global conformational changes upon activation. However, additional structures of nSMase2 are necessary to reveal these changes because, in general, nSMase2 contains a more elaborate structure built around the β-sandwich core with either extended linkers or unique subdomains that create this distinct pocket. One of these unique regions is the binding motif for the phosphatase calcineurin, which was present on the undeleted region of the insertion. This motif is located on the periphery of the CAT and provides a clear anchor point to recruit the phosphatase calcineurin to regulate nSMase2 stability (44) . Although the exact function for the remaining elements is not clear, they may also be involved in protein-protein interactions. For example, the inflammatory cytokine TNF-α activates nSMase2 by recruiting it to the PM through interactions between the CAT and the multiprotein complex TNF receptor-FAN-RACK1-EED (11, 12, 14) . Importantly, nSMase2 lacked the β-hairpin that bacterial SMases use to bind and recognize glycolipids on the outer leaflet of the PM. This element is functionally replaced in nSMase2 by the palmitoylation sites within the CAT (50) and by the membrane-associated NTD, whose PS-binding sites are necessary for proper cellular localization (37) .
nSMase2 is emerging as a therapeutic target for cancer and neurological disorders. This identification is based on several studies that have used GW4869 to inhibit exosome secretion (30) , to prevent cancer metastasis (32, 33) , and to prevent tau protein and Aβ peptide secretion (35, 56) . Our data suggest that the PScompetitive inhibitor GW4869 inhibits nSMase2 by targeting the activation of the DK switch. Thus, its success as a pharmacological tool may result from the inhibition of the endogenous activation mechanism of nSMase2. Last, our crystal structure provides avenues to develop nSMase2 as a therapeutic target.
Materials and Methods
Plasmid Constructs and Site-Directed Mutagenesis. Various human nSMase2 constructs (full-length WT: residues 1-655; ΔIns: residues 1-655 Δ175-339; and CAT: residues 119-655) were cloned into the S. cerevisiae expression vector pYES3 using BamHI and NotI restriction sites in frame with the C-terminal V5-His tag. For mammalian expression, nSMase2 constructs were subcloned into the pEF6 plasmid using the flanking BamHI and PmeI restriction sites. Point mutants and internal deletions 
